It is now possible to slow and trap a single molecule of double-stranded DNA (dsDNA), by stretching it using a nanopore, smaller in diameter than the double helix, in a solid-state membrane. By applying an electric force larger than the threshold for stretching, dsDNA can be impelled through the pore. Once a current blockade associated with a translocating molecule is detected, the electric field in the pore is switched in an interval less than the translocation time to a value below the threshold for stretching. According to molecular dynamics (MD) simulations, this leaves the dsDNA stretched in the pore constriction with the base-pairs tilted, while the B-form canonical structure is preserved outside the pore. In this configuration, the translocation velocity is substantially reduced from 1 bp/10 ns to ∼1 bp/2 ms in the extreme, potentially facilitating high fidelity reads for sequencing, precise sorting, and high resolution (force) spectroscopy.
Introduction
Atoms can be slowed and subsequently trapped for precise characterization and manipulation using optical intensity gradients and the corresponding light pressure forces [1] . Molecules, on the other hand, have a more complex energylevel structure. Lacking a closed, two-level energy system, molecular population dynamics are more difficult to control, which generally precludes manipulation by optical trapping directly.
Instead, to manipulate them researchers have resorted to electrostatic fields defined by microfabrication on a chip [2, 3] . Thus, just like for an optical trap, strong field gradients in this case controlled by the lithography are used to slow and trap molecules.
We are motivated to slow and trap a single DNA molecule for sequencing applications [4] and for measurements of the electromechanics of DNA on the scale of a protein binding site (3-10 nm) [5, 6] -providing information that is vital for understanding how gene transcription, replication and silencing work. Applications like these, along with the structure of DNA, impose especially stringent specifications on the trap that can only be addressed with nanofabrication. Bform double-stranded DNA (dsDNA) is a stiff, highly charged polymer with a twisting, propeller-like, helical structure ∼2 nm in diameter with an axial rise of 0.34 nm/base-pair [7] . By scrupulous design, the electric potential gradient in a nanometer-diameter pore can have comparable dimensions to dsDNA. Moreover, the force associated with the electric potential can be used to impel a dsDNA molecule to translocate through a pore, even if the diameter is smaller than the double helix.
Prior work has established that there is a voltage threshold for permeation of dsDNA through d < 3 nm pores, corresponding to the force required to stretch the leading nucleotides in the pore [8, 9] . For a bi-conical pore geometry, the leading edge of the dsDNA penetrates into the membrane to a constriction of about d ∼ 2.5 nm. If the differential force acting on the leading nucleotides is insufficient to stretch the helix, the translocation stalls there. It stalls because, while dsDNA has a helical structure ∼2 nm in diameter, the solvated structure is about 2.6-2.9 nm in diameter (according to neutron scattering) [7] . As the bias increases and the differential force on the leading nucleotides exceeds that required to stretch dsDNA, the molecule is pulled towards the center of and eventually through the membrane. The confinement in pores with diameters 1.6 nm < d < 2.5 nm causes the base-pairs to tilt [6, 10] .
Following preliminary reports described elsewhere [11, 12] , we have developed a method that uses a time-varying electric field and the stretching transition to slow and trap a single molecule of dsDNA in a nanopore in a solid-state membrane. It is now possible to trap a single dsDNA molecule in a nanopore <3 nm in diameter for up to 2 min by first applying a voltage larger than this threshold and forcing the molecule to translocate through the pore. If the electric field is then rapidly switched to a value below threshold during the translocation, a single λ-DNA molecule becomes trapped for seconds to minutes in the pore, whereas the λ-DNA translocates in <1 ms if the field is maintained above threshold. Molecular dynamics (MD) simulations of these experiments reveal that, when trapped, the dsDNA is stretched in the pore constriction in a specific tilted orientation, depending on the orientation of the leading nucleotides, while the B-form canonical structure is preserved outside the pore. Moreover, commensurate with the bandwidth of the nanopore, if the duration of the trap is extremely long, we observe in the ion current what may be signatures of the base-pairs translocating through the pore.
Experimental and simulation details
The fabrication of a nanopore in silicon nitride membranes 50 μm × 50 μm is described elsewhere [13] . Nominally, the thickness of the membrane is 30 nm. To reduce the thickness to about 15 nm, the membrane is uniformly etched in 20:1 H 2 O:49% HF for 30-40 min at room temperature. After a 10 s O 2 plasma clean, the thickness of the exposed nitride membrane is measured in situ using electron energy loss spectroscopy, and then a nanometer-size pore is sputtered in it using a tightly focused (1.3 nm spot-size) 9
• α (cone angle), high energy (200 kV) electron beam emanating from a JEOL 2010-F transmission electron microscope (TEM) operating in convergent beam diffraction mode, biased at 170 μA emission current, using a 150 mm condenser aperture. The sputtering time is typically about ∼30 s. Using TEM images taken at different tilt angles, we model the pore geometry as two intersecting cones (bi-conical) each with >20
• cone angle [13] . After sputtering, a membrane with a pore in it is subjected to a standard clean in (7:3) H 2 SO 4 :H 2 O 2 for 3 min. Subsequently, the membrane chip is mounted in a two-chamber acrylic holder. Silicone O-rings are used to seal the chip into the holder between the two chambers, leaving the nanopore as the only connection between the two chambers. The cis chamber has a volume of 100 μl; the trans chamber has a volume of approximately 13 ml. Voltage is applied and the DC, AC, current response and noise characteristics of the nanopore are measured in 100 mM KCl solution at 23 ± 1
• C using Ag/AgCl electrodes (Warner) in each chamber. The electrolytic current is measured using an Axopatch 200B.
Switching the electric field at high-speed demands a nanopore with a high frequency response [14] . So, we measured the current response of the pore and used it to create a comprehensive, small signal model derived from the nanostructure. The frequency response of nanopores was measured using a Signal Recovery 7280 lock-in amplifier. A small AC voltage signal (50 mV rms amplitude) at various frequencies is applied to the cis chamber, and the in-phase and out-of-phase components of the membrane current or voltage are measured by a phase-sensitive lock-in technique. In the supplement, figure S1(a) (available at stacks.iop.org/Nano/21/ 395501/mmedia) shows the current frequency response of a 15 nm thick membrane with a 2.5 nm diameter pore in it. A detailed model that accurately accounts for the frequency response of the nanopore, which is rooted in the physical structure and reflects in a limited way the distributed nature of the electrical parameters is shown in figure S1 (b) (available at stacks.iop.org/Nano/21/395501/mmedia).
From this analysis we deduce that the frequency response of these membranes cannot be accurately represented by the single capacitor model as suggested by Smeets et al [15] , but rather consists of a parallel combination of three high pass filters along with the pore resistance. Relying on the model, it is also possible to describe the relationship between the AC pore current and the AC voltage responses across the membrane. In the supplement, we show measurements and simulations of the voltage transient associated with an input voltage step from 1 to 0 V applied across the Ag/AgCl electrodes spanning the membrane. The voltage decays with a time constant of about τ = 210 ns. According to the model, the membrane voltage tracks the input transient, but with a slower time constant: i.e. τ = 460 ns associated with the electrolyte resistance R el = 4.6 k and an effective capacitance C eff = 118 pF, which is derived from the membrane window capacitance, C win = 11.9 pF in parallel with the series combination of the Si depletion capacitances C dt = 127 pF and C db = 666 pF.
MD simulations were performed following protocols described elsewhere [8-10, 16, 17] .
These simulations used the program NAMD2, a 1.0 fs time step, periodic boundary conditions, and particle mesh Ewald electrostatics (grid spacing < 0.15 nm). In the simulations employing the CHARMM27 and BKS force fields, the van der Waals energies were computed using smooth 1.0-1.2 nm and 0.54-0.55 nm cutoffs, respectively.
Two nanopore systems with different cross sections were created. The first nanopore system used a modified version of the silica model described in Cruz-Chu et al [18] . To produce the first nanopore system, a block of crystalline silica containing 13 000 silicon and 26 000 oxygen atoms was melted in an MD simulation using the modified BKS force field [19, 20] ; an external potential expelled atoms from the region that would become the pore [21] . The silica was annealed for 50 ps at 7000 K, 50 ps at 500 K, 50 ps at 2000 K, and 50 ps at 300 K; the temperature was controlled using a Langevin thermostat with a damping coefficient of 5 ps −1 . The resulting pore had a shape of two intersecting cones each making a 20
• angle with the pore axis. The minimum cross-section of the pore was a 2.6 nm × 2.1 nm ellipse located at the center of the 10 nm thick membrane.
In all further simulations, the atoms of the membrane were restrained to their positions at the end of the annealing process. Harmonic restraints of 13.9 nN nm −1 were used to implement the restraints; additional harmonic bonds of 695 pN nm −1 were applied between silicon and oxygen atoms within 0.22 nm of each other. These bond and restraint force constants gave the membrane a dielectric constant of ∼5. The charges of the silicon and oxygen atoms and their Lennard-Jones parameters were taken from Cruz-Chu et al [18] . A 60-base-pair fragment of B-form dsDNA was inserted halfway through the pore. The 3 and 5 ends of the DNA fragment were covalently linked across the periodic boundaries, making the molecule effectively infinite.
The second nanopore system used a silicon nitride model described previously [9, 10] . A β-Si 3 N 4 crystal was replicated to produce a hexagonal prism of crystalline material with hexagonal side lengths of 4.56 nm and a thickness of 10.5 nm. A double cone pore having a circular cross-section with a minimum diameter of 2.0 nm was cut into the hexagonal prism by removal of atoms [10] . The cones made an angle of 10
• with the pore axis. The charges of the silicon and nitrogen atoms and their Lennard-Jones parameters were taken from Wendel and Goddard [22] . Bonds were added between adjacent atoms with the bond constants of 3470 pN nm −1 [10] . The atoms were constrained to their initial positions by restraints of 695 pN nm −1 to obtain a dielectric constant of 7.5. To obtain a realistic conformation of dsDNA confined in the 2.0 nm pore, a 58-base-pair fragment of B-form dsDNA was simulated in solution under the influence of a phantom pore [9] with the minimum radius being reduced from 2.8 to 2.0 nm over 6 ns. The ends of the molecule were not covalently linked as above.
Both DNA-nanopore structures were solvated with 100 mM KCl electrolyte, forming systems of about 120 000 atoms. Each system underwent 2000 steps of energy minimization and a 300 ps equilibration with the pressure maintained at 1 atm and the temperature maintained at 295 K. To ensure that the DNA conformation in the 2.0 nm silicon nitride pore was fully relaxed, the system was further equilibrated at fixed volume for 7 ns. Both nanopore systems were then simulated with various external electrostatic biases applied. During these simulations, the volume of the system was fixed and the temperature was maintained at 295 K by applying the Langevin thermostat to only atoms of the membrane with a damping coefficient of 1 ps −1 .
Results and discussion
A TEM image of a nanopore with a 2.5 nm×2.0±0.2 nm crosssection-smaller than the DNA double helix-in a membrane 15.0 ± 2.2 nm thick is shown in figure 1 (a). When λ-DNA is injected into the electrolyte at the negative (cis) electrode and 800 mV applied across the membrane, current transients like those shown in figure 1(b) are observed. The transients occur randomly as a function of time, but the inter-arrival time decreases with increasing concentration of DNA on the cis side of the bi-cell. There are a variety of current transients, some of which are illustrated in figure 1(c). We speculate that the disparity in shape and duration of the current transients reflects the molecular configuration in the neighborhood of the pore and the time required to disentangle the DNA in solution into the single file of base-pairs required to permeate the pore [10] . The distribution of transients can be represented by a blockade with a peak value at I /I 0 = 0.62 ± 0.11 of the open pore current as shown in figure 1(d). A blockade is caused by the reduction of the electrolytic current through the pore due to the translocation of DNA. In support of this interpretation, MD estimates also indicate a I /I 0 = 0.71 ± 0.07 blockade through a 2.0 nm diameter pore in 100 mM KCl. Figure 1 (b) illustrates threshold behavior, showing a dearth of transients found in a current trace measured at 200 mV compared to an 800 mV trace. Figure 1 (e) summarizes the voltage dependence of the frequency of blockade events over the range from 100 mV to 1 V. Generally, we observe an abrupt rise in the number of blockades over a range of ∼200 mV near a threshold that is sensitive to the pore diameter. If we assume each blockade corresponds to dsDNA permeating the pore, then the permeation rate can be described by a transition-state relation of the Kramers type:
, where R 0 is a frequency factor, q * U is the effective barrier height, q * V is the reduction in the energy barrier due to the applied potential, and kT is the thermal energy [23] . Using this relation, the data were fitted and the results were overlaid on the scatter plot in figure 1(e). We find a threshold of U = 0.46 ± 0.02 V with q * = 0.8 ± 0.2e, which presumably corresponds to the force required to stretch the leading nucleotides in the pore-below this voltage DNA is not supposed to permeate the membrane.
The dependence of the blockade duration on the membrane voltage offers more support to the interpretation of the blockade current as a translocation across the membrane. Figure 1(f) shows the frequency of current transients associated with λ-DNA as a function of duration with the voltage as a parameter. If the blockade duration corresponds with the interval that DNA blocks the pore, then the average transient width t D signifies the time required for 48.502 kbp λ-DNA to translocate through the pore. We find that t D = 0.16 ± 0.01 ms, 0.53 ± 0.06 ms, 1.1 ± 0.1 ms, 0.82 ± 0.07 ms and 2.49± 0.25 ms for voltages of 1.0 V, 800 mV, 700 mV, 600 mV and 500 mV, respectively. The corresponding translocation velocity is 1 bp/3.3 ns at 1 V and 1 bp/11 ns at 800 mV to 1 bp/50 ns at 500 mV, which is consistent with MD (see figure 5 ). The inset to figure 1(f) shows a plot of the voltage dependence of the reciprocal of the average transient width, i.e. 1/t D , measured above threshold. 1/t D vanishes near the threshold value. The line in the inset is a least-squares fit to the data. It has a slope of 11 V −1 s −1 with a voltage-intercept of 0.53 V that is comparable to the threshold voltage inferred from figure 1(e).
These observations are in sharp contrast with prior work on larger diameter pores, and measurements that we performed on a pore with cross-section 3.6 nm × 3.2 ± 0.2 nm in a 31.5 ± 2.0 nm thick nitride membrane. In the supplement, we show that, if there is a threshold for permeating a 3.6 nm × 3.2 nm pore, it is very low (U < 17 ± 11 mV) and the transient widths voltages of 600 mV, 400 mV, 200 mV and 100 mV respectively, correspond to translocation velocities ranging from 1 bp/0.6 ns to 1 bp/8.3 ns, which exceed the velocities found using smaller pores, and yet are consistent with prior estimates [24, 25] .
The voltage-intercept for 1/t D near the threshold suggests that dsDNA can be trapped in a nanopore that is smaller in diameter than the double helix. To test this hypothesis first we forced dsDNA into a 2.5 nm pore and then, when a blockade in the current was detected, reduced the transmembrane bias while the DNA was still in the pore. Once the dsDNA is in the pore, if the bias is reduced below the stretching threshold, the pore is supposed to act as a trap resisting the motion of the molecule.
Figures 2(a) and (b) show data demonstrating that it is possible to slow or weakly trap a single λ-DNA molecule in the pore by switching the electric field. First, a transmembrane bias of 800 mV, which is above threshold according to figure 1(e), is applied. Once the onset of a blockade like that shown in the inset to figure 2(a) is detected by the differentiator, a programmed delay of 200 μs is introduced before a latch switches the voltage from 800 to 200 mV-a value well below the threshold. All the while, the pore current is monitored. In the supplement we show that the transmembrane voltage tracks the voltage applied to the Ag/AgCl electrodes, but with a longer time constant (<500 ns). Eventually, the blockade ends and the current returns to the open pore value, I 0 , but not before we observe a sharp transient like that shown near t = 7.709 s in figure 2(a) .
We supposed that transients like these are indicative of the λ-DNA molecule exiting the pore after 6.8 s. So, we reasoned that the current blockade observed during the time interval from t = 0.918 to 7.709 s must be evidence of a weakly trapped λ-DNA molecule in the pore. We do not observe a current blockade at 200 mV if there is no onset of a blockade at 800 mV. Moreover, as shown in the supplement, a larger (3.6 nm × 3.2 nm) pore at a constant bias of 200 mV shows a distribution of blockade durations that peaks near 200 μs but does not exceed 1 ms, making the long (6.8 s) duration shown in figure 2(a) extraordinary. If the molecule is weakly trapped in the pore, then the average translocation velocity must have slowed substantially to a value of about (48.5 kbp-200 μs×1 bp/11 ns)/6.8 s = 1 bp/224 μs, which is about 20 000× slower than the velocity estimate for t D obtained at 800 mV.
After repeating this type of measurement hundreds of times on the same pore, a comparison between the distribution of the duration of blockades observed with a transmembrane bias of 800 mV, and the time that expires between the triggered voltage switch from 800 to 200 mV and the return of the current to the open pore value reveals the dichotomy illustrated in figure 2(b) . While the peak in the distribution obtained at a constant bias of 800 mV occurs near t D = 200 μs, the peak of the distribution found when the voltage is switched from 800 to 200 mV occurs near t D ∼ 500-600 ms. This suggests that the translocation velocity at the peak must have slowed substantially to a value of about (48.5 kbp-200 μs × 1 bp/11 ns)/500 ms = 1 bp/17 μs, which is about 1500× slower than the velocity obtained at 800 mV. In comparison, we do not observe blockades >4 ms at constant bias of 800 mV. Comparing the distribution of the normalized blockade current I /I 0 obtained at a constant bias of 800 mV with the blockades measured after switching the voltage from 800 to 200 mV, we find that they overlap within the error. The mean blockade signal fit to a Gaussian is I /I 0 = 0.62 ± 0.11 at 43, indicating a signal beyond the noise for t < 7.709 that is due to base-pairs translocating through the pore. To corroborate this assertion, we and others [14, 26] have measured the low frequency current noise spectral density associated with a pore in a membrane in the absence of DNA. We have determined that the noise spectrum scales with the pore resistance according to:
where I is the current through the device, f is the frequency, β ≈ 1 is an exponent and R p is the pore resistance with n = 1.06 ± 0.15. Accounting for the blockade of I /I 0 = 0.5 and the change in pore resistance, the current noise should decrease overall from the open pore value, yet we observe an increase by 2× instead. Thus, the large fluctuating current is due to the trapped dsDNA.
We have made similar findings on six pores with similar geometries. Figure 3 summarizes the results obtained on a 2.6 nm × 2.0 ± 0.2 nm pore. The threshold voltage for this pore derived from the fit to the data shown in figure 3(b) is estimated to be about U = 0.30 ± 0.04 V (with q * = 1.1 ± 0.2). Figure 3(c) shows an extraordinary event obtained from this pore, which represents a λ-DNA molecule trapped by first applying a bias of 600 mV (above threshold) across the membrane and then, once the onset of a blockade is detected, switching the voltage to 100 mV (below threshold). Eventually, the current returns to the open pore value, near t = 58.8 s in figure 3(c) . We assume that the transient at t = 58.8 s is indicative of the molecule exiting the pore after 56 s, corresponding to a translocation velocity of >1 bp/1.8 ms-about 97 000× slower than the peak value obtained at a constant bias of 600 mV.
For this pore, we also measured the blockade duration distribution at a constant bias of 600 mV and when the voltage is switched from 600 to 150 mV and from 600 to 100 mV, 200 μs after detecting the onset of a blockade. Similar to the data presented in figure 2 , we observed that the duration of the blockade is extended from an average of 900 μs to 200 msthe velocity is ∼200× slower as illustrated by figure 3(d) . In this case, the distribution of the normalized blockade current I /I 0 with a constant bias of 600 mV and the blockades measured after switching the voltage from 600 to 150 mV or 100 mV closely resemble each other-the former peaks at I /I 0 = 0.62 ± 0.11, while the latter peak near I /I 0 = 0.62 ± 0.15 and I /I 0 = 0.59 ± 0.15 respectively. The apparent translocation velocity depends on the voltage applied after switching: i.e. the distribution found when we switch from 600 to 150 mV (100 mV) has a peak duration near 150 ms (200 ms) respectively.
Trapping a DNA molecule should facilitate the high fidelity reads required for sequencing it. With the molecule trapped (i.e. for t < 58.8 s in figure 3(c)) , we filtered the current data using a 10-600 Hz bandpass filter and formed histograms of the current fluctuations using 0.5 s windows. Each window in the trapped data (t < 58.8 s) shows a histogram similar to that shown in figure 3(e), which can be represented by the superposition of two Gaussian distributions: one (solid blue) offset from the median ( I = 0) by I = +2.86 pA with a width of σ = 7.8 pA; and another (solid red) offset by I = −6.51 pA with a width of σ = 5.9 pA. The goodness of fit, measured by the reduced chi-squared statistic, improves from χ 2 = 5.04 for a single Gaussian fit to χ 2 = 0.71 for two Gaussians, indicating that two Gaussians represent a superior model. This is in contrast to the data shown in figure 3(f) , which represent the open pore current fitted by a single Gaussian with a width σ = 4.26 pA with χ 2 = 0.67 measured at the same voltage.
We tentatively attribute the separate peaks in figure 3 (e) at I = +2.86 pA and I = −6.51 pA to partially resolved signals associated with C-G/G-C and A-T/T-A base-pairs, respectively. This identification is supported by the observation that λ-DNA has a nearly uniform distribution of base-pairs T-A, A-T, C-G, G-C. Thus, the currents corresponding to each type of base-pair should translate to approximately equal, distinct distributions in the blockade current convolved with the electrical noise. The difference between C-G and A-T base-pairs can be resolved in this case because of the correspondingly longer (∼2 ms) time each base-pair spends in the constriction compared with the (220 μs) peak dwell time for the molecule in pore of figure 2(a) . However, apparently the signal-to-noise ratio is inadequate for discriminating C-G from G-C or A-T from T-A, despite the slowing. This assertion is also corroborated by even longer duration measurements of blockade currents associated with streptavidin bound, 100 bp long, C-G and A-T biotinylated duplexes trapped by the electric field in a pore in a configuration described elsewhere [27] .
While a smaller diameter increases the signal (i.e. blockade current), there is a concomitant increase in noise as well. Figure 4 summarizes the results obtained on the smaller pore, 2.2 nm × 1.8 ± 0.2 nm in cross-section, shown in (a). The threshold estimated from the voltage dependence of the frequency of blockade events given in figure 4(b) is about U = 0.48 ± 0.04 V, which is not substantially larger than the pore of figure 1 . The large blockade current estimated to be I /I 0 = 0.65 ± 0.11 supports our contention that the pore diameter is smaller. In figure 4(c) we show an analysis of an extraordinary event obtained from this pore, which represents λ-DNA trapped by first applying a bias of 500 mV (near threshold) across the membrane, and then, once the onset of a blockade is detected, the voltage is switched to 100 mV (below threshold). We observe that the current returns to the open pore value near t = 70.6 s and the molecule exits the After repeating the trapping experiment hundreds of times on the same pore, a comparison between the distribution of the duration of blockades observed at 500 mV, and the time that expires between the triggered voltage switch from 500 to 100 mV and the return of the current to the open pore value reveals the dichotomy illustrated in figure 4(e) . This distribution is generally shifted toward an even longer time in this smaller pore in comparison with the larger pores of figures 2(b) and 3(d), with blockades most frequently taking t D = 1.5 s, as opposed to 500 or 200 ms. This suggests that the translocation velocity at the peak must have slowed substantially to a value of about (48.5 kbp-200 μs × 1 bp/19 ns)/2 s = 1 bp/53 μs, which is about 1500× slower than the velocity obtained at 500 mV.
MD simulations corroborate our interpretation of the experiments by showing that the motion of the dsDNA can be slowed or effectively stopped when the driving voltage is turned off. We created two models of nanopore systems to explore the differences between silica and silicon nitride pore surfaces that may be produced by the cleaning procedures used in the experiments, each having different pore dimensions. Figures 5(a) and (b) illustrate the simulated systems, which include fragments of dsDNA, 100 mM KCl, and a nanopore having an elliptical 2.6 nm× 2.1 nm cross-section ( figure 5(a) ) or a circular 2.0 nm diameter cross-section ( figure 5(b) ). The molecular conformation within the 2.6 nm × 2.1 nm pore was nearly unstretched at a bias of 0 V, having a length per base-pair that deviated little from its equilibrium value of 0.34 nm. In contrast, the dsDNA within the 2.0 nm pore was substantially stretched to 0.41 nm per base-pair even at 0 V. The distortion from the B-form dsDNA structure can be clearly seen in figure 5(b) . Under application of a 500 mV transmembrane bias, the dsDNA was stretched to 0.37 nm/bp in the larger pore and 0.44 nm/bp in the smaller pore. As illustrated in figure 5(c) , at 250 and 500 mV, the dsDNA's motion in the 2.6 nm × 2.1 nm pore was arrested following a small initial displacement allowed by stretching. Only when a bias of 1000 mV was applied was dsDNA transport observed. Likewise, transport of dsDNA in the smaller pore was only observed for biases of 1000 mV and above as shown in figure 5(d) . At the same bias, the rate of dsDNA transport was much higher for the larger pore.
The insets of figures 5(c) and (d) characterize displacements of the base-pair nearest to the pore constriction in the simulations performed at a 0 V bias. The figures show normalized histograms of the displacement from the average position in the pore. The histograms have a Gaussian form, which implies that the pores act as harmonic traps for the dsDNA in the pore constriction with effective spring constants of 3.0 ± 0.8 and 7.2 ± 0.8 nN nm −1 for the larger and smaller pores, respectively. The probability of an escape from a trap depends sharply on the force applied to the molecule, explaining the thresholds in figures 5(c) and (d). The force required to restart the motion is essentially determined by the product of the spring constant, k, and the distance over which escape of a base-pair from the trap occurs, x 0 , i.e. q * E ∼ kx 0 . The trap profile should be invariant for displacing dsDNA by one base-pair, so x 0 = L/2, where L is the length per base-pair. Therefore, we estimate kx 0 = 510 pN for the 2.6 nm × 2.1 nm pore and kx 0 = 1500 pN for the 2.0 nm pore.
Conclusion
In summary, it is now possible to slow a single dsDNA molecule by stretching it using a nanopore, smaller in diameter than the double helix. According to MD simulations, the dsDNA is stretched in the pore constriction with the basepairs tilted, while the B-form canonical structure is preserved outside the pore [6, 10] . In this configuration, the translocation velocity can be substantially reduced from ∼1 bp/10 ns to ∼1 bp/2 ms in the extreme. We find that temporal current fluctuations associated with the molecule trapped in the pore are larger than the 1/ f noise associated with electrolyte and, unlike the open current, it cannot be fitted to a single Gaussian. These fluctuations are tentatively attributed to the difference in current between C-G(G-C) and A-T(T-A) base-pairings in λ-DNA.
It is especially timely to consider the prospects for sequencing a DNA molecule trapped in a nanopore in this way. With the advent of next-generation-sequencing technologies, it has become exponentially harder to assemble a genome from short reads provided by extensions of conventional sequencing technology as the number of repeats grows [28] . Nanopore sequencing is advantageous above all because it has the potential for very long (>1 kbp) reads-48.5 kbp λ-DNA was measured in this study-reducing the computational burden posed by alignment and genome assembly, while at the same time eliminating logistically challenging and errorprone amplification and library formation due to its exquisite single molecule sensitivity. But the fidelity of the read is still important.
According to the protocols developed here, nanopore sequencing of dsDNA might be accomplished by simply measuring the electrolytic current that develops when a molecule, immersed in electrolyte, is forced by an electric field to translocate through a solid-state nanopore smaller in diameter than the double helix. At low bias, the nucleotides trapped in the constriction are in a tilted configuration and present a distinct energy barrier to the ions with a passage rate that is exponentially related to the height. So, the height differences for different sequences should have substantial effects on the current. One obvious problem with sequencing in this way is determining which nucleotide is on which strand, e.g. distinguishing not just C-G from T-A, but C-G from G-C. MD simulations show that the base-pair tilt caused by the confinement is maintained during a translocation with the nucleotides of one strand always lagging their partners on the other [10] . However, work presented here and elsewhere [27] indicates that it is difficult to discriminate A-T from T-A, and C-G from G-C in 100 mM electrolyte for voltages <200 mV. A substantial improvement in signal-to-noise is still required for sequencing in this way.
